Drilling high-pressure high-temperature (HPHT) wells requires a special fluid formulation that is capable of controlling the high pressure and is stable under the high downhole temperature. Barite-weighted fluids are common for such purpose because of the good properties of barite, its low cost, and its availability. However, solids settlement is a major problem encountered with this type of fluids, especially at elevated downhole temperatures. This phenomenon is known as barite sag, and it is encountered in vertical and directional wells under static or dynamic conditions leading to serious well control issues. This study aims to evaluate the use of barite-ilmenite mixture as a weighting agent to prevent solids sag in oil-based muds at elevated temperatures. Sag test was conducted under static conditions (vertical and inclined) at 350 • F and under dynamic conditions at 120 • F to determine the optimum ilmenite concentration. Afterward, a complete evaluation of the drilling fluid was performed by monitoring density, electrical stability, rheological and viscoelastic properties, and filtration performance to study the impact of adding ilmenite on drilling fluid performance. The results of this study showed that adding ilmenite reduces sag tendency, and only 40 wt.% ilmenite (from the total weighting material) was adequate to eliminate barite sag under both static and dynamic conditions with a sag factor of around 0.51. Adding ilmenite enhanced the rheological and viscoelastic properties and the suspension of solid particles in the drilling fluid, which confirmed sag test results. Adding ilmenite slightly increased the density of the drilling fluid, with a slight decrease in the electrical stability within the acceptable range of field applications. Moreover, a minor improvement in the filtration performance of the drilling fluid and filter cake sealing properties was observed with the combined weighting agent. The findings of this study provide a practical solution to the barite sag issue in oil-based fluids using a combination of barite and ilmenite powder as a weighting agent to drill HPHT oil and gas wells safely and efficiently with such type of fluids.
Introduction
Weighting material is one of the main drilling fluid additives used to achieve the required density to overbalance formation pressure during drilling operations and prevent any loss of well control [1] [2] [3] [4] . In addition to well control, drilling fluids have many other functions, such as circulating the drilled cuttings to the surface and suspending the cuttings while drilling operation is stopped [5] and cooling and lubricating the drill bit to ease the drilling operation [6] . In high-pressure high-temperature applications, a special drilling fluid formulation is required to meet the critical downhole conditions. In such cases, drilling fluids should have a high density to suppress the high formation pressure with good stability at that elevated temperatures [7] . Several laboratory studies were performed to understand and prevent barite sag issue in water and oil-based drilling and completion fluids. Temple et al. [24] proposed a new approach to reduce barite sag in invert emulsion mud by adding a low molecular weight polyalkyl methacrylate. This formulation reduced sag tendency without increasing the viscosity of the drilling fluids, and no copolymer was added. A new drilling fluid formulation with a reduced sag tendency was introduced by Davis et al. [25] . Their formulation consists of invert emulsion mud, barite as a weighting agent, and polyethylene glycol (PEG) as a stability enhancer.
Basfar et al. [26] and Elkatatny [27] performed a study on barite sag prevention in inverted emulsion drilling fluid using copolymer. They found that one lbm/bbl of the copolymer was adequate to eliminate solids sag under static and dynamic conditions at 350 °F downhole temperature. Another study on barite sag prevention in inverted emulsion mud was carried out by Elkatatny [28] . In this study, organophilic phyllosilicate (OP) was used as an anti-sagging agent. He concluded that adding only 1.5 grams of the anti-sagging agent (OP) would solve the solids sag issue under dynamic conditions. Some other research studies suggest playing with the weighting agent as a solution to the solids sag phenomenon. Mohamed et al. [7] conducted a study on the effect of barite particle size on sag tendency in water-based drilling fluids. They found that reducing the particle size enhances drilling fluid stability and reduces sag tendency, whereas, it did not eliminate the problem. Alabdullatif et al. [29] introduced a new water-based fluid formulation to kill high-pressure high-temperature (HPHT) wells. They used a mixture of barite and manganese tetraoxide (Mn3O4) as weighting material to prevent barite sag. Mn3O4 was found to be effective in improving drilling fluid stability and reducing barite sag tendency. Abdou et al. [30] studied the effect of ilmenite and barite mixture Several laboratory studies were performed to understand and prevent barite sag issue in water and oil-based drilling and completion fluids. Temple et al. [24] proposed a new approach to reduce barite sag in invert emulsion mud by adding a low molecular weight polyalkyl methacrylate. This formulation reduced sag tendency without increasing the viscosity of the drilling fluids, and no copolymer was added. A new drilling fluid formulation with a reduced sag tendency was introduced by Davis et al. [25] . Their formulation consists of invert emulsion mud, barite as a weighting agent, and polyethylene glycol (PEG) as a stability enhancer.
Basfar et al. [26] and Elkatatny [27] performed a study on barite sag prevention in inverted emulsion drilling fluid using copolymer. They found that one lbm/bbl of the copolymer was adequate to eliminate solids sag under static and dynamic conditions at 350 • F downhole temperature. Another study on barite sag prevention in inverted emulsion mud was carried out by Elkatatny [28] . In this study, organophilic phyllosilicate (OP) was used as an anti-sagging agent. He concluded that adding only 1.5 grams of the anti-sagging agent (OP) would solve the solids sag issue under dynamic conditions. Some other research studies suggest playing with the weighting agent as a solution to the solids sag phenomenon. Mohamed et al. [7] conducted a study on the effect of barite particle size on sag tendency in water-based drilling fluids. They found that reducing the particle size enhances drilling fluid stability and reduces sag tendency, whereas, it did not eliminate the problem. Alabdullatif et al. [29] introduced a new water-based fluid formulation to kill high-pressure high-temperature (HPHT) wells. They used a mixture of barite and manganese tetraoxide (Mn 3 O 4 ) as weighting material to prevent barite sag. Mn 3 O 4 was found to be effective in improving drilling fluid stability and reducing barite sag tendency. Abdou et al. [30] studied the effect of ilmenite and barite mixture on drilling fluid density and rheological properties. They concluded that using this mixture yields comparable Sustainability 2019, 11, 5617 3 of 14 performance to barite, and it could be used as a replacement to barite because of the low solid content and fluid loss that would consequently minimize formation damage.
Basfar et al. [23] evaluated the use of barite-ilmenite mixture as a weighting agent with water-based drilling fluids. It was found that adding ilmenite to barite-weighted drilling fluids enhances the fluid stability and reduces the sag tendency. The optimum ratio of ilmenite to barite was found to be 1 to 1 (50 wt.% ilmenite from the total weighting material).
As the challenges of drilling operations increase with drilling unconventional reservoirs, several studies were conducted using nanoparticles (NPs) to improve the performance of the drilling operations. NPs improve the performance of the drilling fluid in many ways, such as improving the rheological properties, minimizing friction and fluid filtrate invasion, and enhancing the thermal stability of the drilling fluid at HPHT conditions [31] [32] [33] . A study was conducted by Boyou et al. [20] to enhance the suspension capability of the drilling fluid to efficiently transport drilled cuttings and prevent the development of cuttings bed by adding nanosilica in different concentrations to water-based drilling fluids. They evaluated the performance of nan-enhanced water-based fluid in directional drilling operations by conducting an experimental study at different angles of inclination using a flow loop setup. It was concluded that nanosilica particles significantly enhanced the cutting transport efficiency in all inclinations by increasing the colloidal interaction with cuttings.
In addition to the barite sag issue, the high demand and limited resources of barite increase the urge to find another alternative weighting agent to drill HPHT wells [34] . Research work was conducted using ilmenite for this purpose because it has higher specific gravity than barite (4.7-4.79), and it is available and acid-soluble [35] [36] [37] . However, the main disadvantage of ilmenite is the abrasiveness to drilling fluid equipment [37] , and this can be avoided by optimizing the particle size distribution and using small percentages of large particles (>45 µm) not higher than 3% [34] . While most of the previous studies focused on adding a stability enhancer, polymers, or special additives to solve the sag issue, this study suggests playing with the weighting and adding a mixture of barite and ilmenite to be used as a combined weighting agent in oil-based drilling as a solution to the barite sag issue. Combining ilmenite with barite would eliminate solids sag in barite-weighted drilling fluids to drill HPHT wells efficiently with such fluids, and reduce the high cost of ilmenite-weighted fluids as well. First, the materials used in this study and the experimental procedures are presented. Then, the obtained results are discussed, and finally, the findings and limitations of this study are summarized.
Methodology

Materials
The invert emulsion mud used in this work was prepared in the lab using a three-speed mud mixer. Diesel was used as the continuous phase of the fluid. Then, additives were added and mixed in order, starting with the primary emulsifier (INVERMUL ® ). Lime was used to enhance emulsion stability. To minimize fluid filtrate invasion, a fluid loss control additive (DURATONE ® ) and a bridging agent (CaCO 3 ) were added. Water was added as the discontinuous phase, GELTONE ® II was used as a viscosifier to maintain the rheology of the drilling fluid [1, 2] , and EZ MUL ® was added as a secondary emulsifier. The high density of the drilling fluid was achieved by adding barite (D 50 = 17µm). Several drilling fluid samples were prepared by mixing ilmenite (D 50 = 5µm) with barite as a weighting agent. Ilmenite was added in different percentages-20, 40, 60, and 80 wt.% (from the total weighting material). The particle size distribution for both barite and ilmenite is shown in Figure 2 . Tables 1  and 2 show the used fluid formulation and the properties of the base drilling fluid sample. 
Sag Test
Sag test was conducted to study the impact of adding ilmenite on solids sag tendency at static and dynamic conditions. The static sag test was performed at vertical and inclined (45°) conditions using an aging cell assembly ( Figure 3 ). Tests were conducted at 350 °F and 500 psi and run for 24 
Sag test was conducted to study the impact of adding ilmenite on solids sag tendency at static and dynamic conditions. The static sag test was performed at vertical and inclined (45 • ) conditions using an aging cell assembly ( Figure 3 ). Tests were conducted at 350 • F and 500 psi and run for 24 h. The acceptable sag factor ranges between 0.50 to 0.53, and higher than this range indicates solids settlement [29, 38] . Viscometer sag shoe test (VSST) was used to perform sag tests under dynamic conditions. The test was run for 30 min at 100 rpm and 120 °F. The experimental procedure for the dynamic sag test is well described in previous studies [26, 27] . VSST was calculated using Equation (2) .
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VSST is the dynamic sag factor in ppg, and W1 and W2 are the weight (in gram) of fluid samples (10 mL) taken from the cell before and after the test. A VSST value that is equal to or less than one indicates that the fluid would exhibit acceptable sag performance [39] . Figure 4 shows the experimental setup for dynamic sag test, and Table 3 shows the experimental conditions for static and dynamic sag tests. The acceptable sag factor ranges between 0.50 to 0.53, and higher than this range indicates solids settlement [29, 38] .
Viscometer sag shoe test (VSST) was used to perform sag tests under dynamic conditions. The test was run for 30 min at 100 rpm and 120 • F. The experimental procedure for the dynamic sag test is well described in previous studies [26, 27] . VSST was calculated using Equation (2) .
VSST is the dynamic sag factor in ppg, and W 1 and W 2 are the weight (in gram) of fluid samples (10 mL) taken from the cell before and after the test. A VSST value that is equal to or less than one indicates that the fluid would exhibit acceptable sag performance [39] . Figure 4 shows the experimental setup for dynamic sag test, and Table 3 shows the experimental conditions for static and dynamic sag tests. 
Rheology Measurements
After the drilling fluid preparation, the density and the electrical stability were measured for all the drilling fluid samples at room temperature using mud balance and emulsion stability tester, respectively. Rheological properties were obtained from the viscometer dial readings at 350°F and 2000 psi. These properties are plastic viscosity, yield point, and gel strength after 10 s, 10 min, and 30 min of static gel time. The viscoelastic properties of the drilling fluid (storage modulus and loss modulus) were obtained from the oscillatory test conducted at 350 °F using an Anton Paar rheometer. Storage modulus could be used as an indication of solids sag tendency [38] .
HPHT Filtration Test
Filtration tests were conducted to study the impact of using the combined weighting material on the filtration performance, and the sealing properties of the resulted filter cake. The filtration test was conducted on a 10-micron ceramic filter disc at 350 °F temperature and 300 psi differential pressure. The test was run for 30 min, and the fluid filtrate volume was recorded with time. Afterward, the properties of the formed filter cake were measured (weight and thickness). The filtration performance of the base fluid sample was compared with the performance of the drilling fluid sample with the combined weighting agent under the same experimental conditions.
Results and Discussions
Different drilling fluid samples were prepared by mixing ilmenite with barite in different concentrations (20, 40, 60 , and 80 wt.%). After fluid preparation, density and electrical stability were measured for all drilling fluid samples. Figure 5 exhibits the impact of ilmenite concentration on fluid density and electrical stability. The density of the base drilling fluid was 14.5 ppg, and as the concentration of ilmenite increased, the drilling fluid density slightly increased to reach up to 15.2 ppg for 100 wt.% Ilmenite sample. This increase is due to the difference between ilmenite density (4.79 g/cm3) and barite density (4.48 g/cm3). Therefore, when adding ilmenite, less solids will be needed to attain the same density of the base fluid [1, 30] . 
Rheology Measurements
After the drilling fluid preparation, the density and the electrical stability were measured for all the drilling fluid samples at room temperature using mud balance and emulsion stability tester, respectively. Rheological properties were obtained from the viscometer dial readings at 350 • F and 2000 psi. These properties are plastic viscosity, yield point, and gel strength after 10 s, 10 min, and 30 min of static gel time. The viscoelastic properties of the drilling fluid (storage modulus and loss modulus) were obtained from the oscillatory test conducted at 350 • F using an Anton Paar rheometer. Storage modulus could be used as an indication of solids sag tendency [38] .
HPHT Filtration Test
Filtration tests were conducted to study the impact of using the combined weighting material on the filtration performance, and the sealing properties of the resulted filter cake. The filtration test was conducted on a 10-micron ceramic filter disc at 350 • F temperature and 300 psi differential pressure. The test was run for 30 min, and the fluid filtrate volume was recorded with time. Afterward, the properties of the formed filter cake were measured (weight and thickness). The filtration performance of the base fluid sample was compared with the performance of the drilling fluid sample with the combined weighting agent under the same experimental conditions.
Results and Discussion
Different drilling fluid samples were prepared by mixing ilmenite with barite in different concentrations (20, 40, 60 , and 80 wt.%). After fluid preparation, density and electrical stability were measured for all drilling fluid samples. Figure 5 exhibits the impact of ilmenite concentration on fluid density and electrical stability. The density of the base drilling fluid was 14.5 ppg, and as the concentration of ilmenite increased, the drilling fluid density slightly increased to reach up to 15.2 ppg for 100 wt.% Ilmenite sample. This increase is due to the difference between ilmenite density (4.79 g/cm 3 ) and barite density (4.48 g/cm 3 ). Therefore, when adding ilmenite, less solids will be needed to attain the same density of the base fluid [1, 30] .
barite with ilmenite will increase the conductivity of the drilling fluid, while previous studies reported that adding barite to invert emulsion increases the electrical stability of the drilling fluid [40] . However, this value is still above the acceptable value, 500V, according to oil industry practices, and it can be adjusted by optimizing drilling fluid additives, such as emulsifiers [41] . Moreover, field and laboratory studies confirmed that the electrical stability trend (with time) is the key property in mud stability, not its absolute value; higher ES values do not always mean good fluid stability [40] . Figure 6 and Figure 7 show the impact of the combined weighting agent on solids sag tendency of invert emulsion drilling fluid under dynamic and static conditions at 120 °F and 350 °F, respectively. Under both dynamic and static conditions, the base drilling fluid (with 100 wt.% barite) exhibited poor sag performance with a sag factor of around 0.57 and 0.6 at vertical and inclined static conditions, respectively, and with a VSST value of 1.5 at dynamic conditions, therefore, solids settlement is likely to occur. The addition of ilmenite reduced sag tendency of the drilling fluid, and as the concentration of ilmenite increased, sag tendency was reduced. Only 40 wt.% ilmenite was enough to eliminate solids sag in both cases with sag factor and VSST of around 0.5. Higher concentration (>40 wt.%) is not required, and it will increase the cost of the drilling fluid. The static sag factor at an inclination of 45° was slightly higher than at vertical conditions because solids settlement is accelerated at inclination between 30° and 60° [20, 42] . The optimum ilmenite concentration, however, may vary with the used drilling fluid formulations and well conditions which require optimizing the ratio of ilmenite to barite for each formulation before field applications. The improvement of sag performance resulted from adding ilmenite to the drilling fluid can is attributed to the surface charge and the size of solid particles. Surface charge plays a vital role in the stability of colloidal systems that is governed by the repulsive force and attractive force between colloidal particles [43] . As reported in the previous studies, the surface charge of ilmenite particles In contrast, adding 40 wt.% ilmenite reduced the electrical stability, ES, of the base fluid from 1482 V to 682 V, then it was stable at around 655 V for higher concentrations. The electrical stability is used as an indication of emulsion stability as it measures the voltage of the current flowing in the mud. Electrical stability is affected by many factors, such as viscosity, types and concentrations of solids, and emulsifiers. The observed reduction in electrical stability can be attributed to the value of ilmenite's electrical conductivity as it is much higher than barite conductivity, therefore, replacing barite with ilmenite will increase the conductivity of the drilling fluid, while previous studies reported that adding barite to invert emulsion increases the electrical stability of the drilling fluid [40] . However, this value is still above the acceptable value, 500 V, according to oil industry practices, and it can be adjusted by optimizing drilling fluid additives, such as emulsifiers [41] . Moreover, field and laboratory studies confirmed that the electrical stability trend (with time) is the key property in mud stability, not its absolute value; higher ES values do not always mean good fluid stability [40] . Figures 6 and 7 show the impact of the combined weighting agent on solids sag tendency of invert emulsion drilling fluid under dynamic and static conditions at 120 • F and 350 • F, respectively. Under both dynamic and static conditions, the base drilling fluid (with 100 wt.% barite) exhibited poor sag performance with a sag factor of around 0.57 and 0.6 at vertical and inclined static conditions, respectively, and with a VSST value of 1.5 at dynamic conditions, therefore, solids settlement is likely to occur. The addition of ilmenite reduced sag tendency of the drilling fluid, and as the concentration of ilmenite increased, sag tendency was reduced. Only 40 wt.% ilmenite was enough to eliminate solids sag in both cases with sag factor and VSST of around 0.5. Higher concentration (>40 wt.%) is not required, and it will increase the cost of the drilling fluid. The static sag factor at an inclination of 45 • was slightly higher than at vertical conditions because solids settlement is accelerated at inclination between 30 • and 60 • [20, 42] . The optimum ilmenite concentration, however, may vary with the used drilling fluid formulations and well conditions which require optimizing the ratio of ilmenite to barite for each formulation before field applications. The improvement of sag performance resulted from adding ilmenite to the drilling fluid can is attributed to the surface charge and the size of solid particles. Surface charge plays a vital role in the stability of colloidal systems that is governed by the repulsive force and attractive force between colloidal particles [43] . As reported in the previous studies, the surface charge of ilmenite particles dispersed in water ranges between −30 and −35 mV [9] , while barite has a lower surface charge of around −20 mV [43] . The higher the surface charge, the more stable is the colloidal system, and a surface charge that is above ±30 mV is considered to have good colloidal stability [44] . Moreover, the difference in the particle size between barite and ilmenite (17 µm and 5 µm, respectively) has impact on the capability of the drilling fluid to suspend the weighting material. As the particle size decreases, the ratio of the surface area to the volume increases which increases drag and lift forces on the solid particles to overcome cohesion and gravitational forces and consequently prevents the settlement of solid particles [20] . dispersed in water ranges between -30 and -35 mV [9] , while barite has a lower surface charge of around -20 mV [43] . The higher the surface charge, the more stable is the colloidal system, and a surface charge that is above ±30 mV is considered to have good colloidal stability [44] . Moreover, the difference in the particle size between barite and ilmenite (17µm and 5µm, respectively) has impact on the capability of the drilling fluid to suspend the weighting material. As the particle size decreases, the ratio of the surface area to the volume increases which increases drag and lift forces on the solid particles to overcome cohesion and gravitational forces and consequently prevents the settlement of solid particles [20] . dispersed in water ranges between -30 and -35 mV [9] , while barite has a lower surface charge of around -20 mV [43] . The higher the surface charge, the more stable is the colloidal system, and a surface charge that is above ±30 mV is considered to have good colloidal stability [44] . Moreover, the difference in the particle size between barite and ilmenite (17µm and 5µm, respectively) has impact on the capability of the drilling fluid to suspend the weighting material. As the particle size decreases, the ratio of the surface area to the volume increases which increases drag and lift forces on the solid particles to overcome cohesion and gravitational forces and consequently prevents the settlement of solid particles [20] . Drilling fluid rheology was measured at 350 • F to evaluate the effect of ilmenite concentration on the drilling fluid rheology at such elevated temperature. Figure 8 compares the rheological properties of 40 wt.% ilmenite fluid sample with the base fluid sample. Adding 40 wt.% ilmenite increased the yield point from 15 to 26 lb/100 ft 2 whereas, the plastic viscosity did not increase significantly, from 15 to 16 cP. Consequently, the yield point to plastic viscosity ratio (YP/PV) increased from 1.2 to 1.6, which indicates an enhancement in the drilling fluid stability and suspension capability of solid particles. The higher the YP/PV ratio, the more stable the drilling fluid [45] . In addition to barite sag, YP/PV ratio affects many drilling fluid parameters such as equivalent circulating density, hole cleaning, and surge and swap pressure [46] . Moreover, adding 40 wt.% ilmenite with barite improved the gel strength of the drilling fluid, and validated the results of the sag test. Figure 9 compares the viscoelastic properties of 40 wt.% ilmenite fluid sample with the base drilling fluid sample within the nonlinear viscoelastic range. From G"/G' ratios, the loss modulus G" is lower than the storage modulus G' for both fluid samples, which indicates that the nonlinear viscoelastic range was dominated by the elastic behavior. Adding 40 wt.% ilmenite enhanced the elasticity of the drilling fluid by increasing the storage modulus; thus, more stable gel structure would result [47] . The increase in the yield point, gel strength, and the storage modulus values is because of the slight increase in the fluid density, from 14.5 to 14.8 ppg, resulted from adding ilmenite to the drilling fluid because as the density increases, the fluid resistance for initial flow increases [20] . Drilling fluid rheology was measured at 350 °F to evaluate the effect of ilmenite concentration on the drilling fluid rheology at such elevated temperature. Figure 8 compares the rheological properties of 40 wt.% ilmenite fluid sample with the base fluid sample. Adding 40 wt.% ilmenite increased the yield point from 15 to 26 lb/100 ft 2 whereas, the plastic viscosity did not increase significantly, from 15 to 16 cP. Consequently, the yield point to plastic viscosity ratio (YP/PV) increased from 1.2 to 1.6, which indicates an enhancement in the drilling fluid stability and suspension capability of solid particles. The higher the YP/PV ratio, the more stable the drilling fluid [45] . In addition to barite sag, YP/PV ratio affects many drilling fluid parameters such as equivalent circulating density, hole cleaning, and surge and swap pressure [46] . Moreover, adding 40 wt.% ilmenite with barite improved the gel strength of the drilling fluid, and validated the results of the sag test. Figure 9 compares the viscoelastic properties of 40 wt.% ilmenite fluid sample with the base drilling fluid sample within the nonlinear viscoelastic range. From G"/G' ratios, the loss modulus G" is lower than the storage modulus G' for both fluid samples, which indicates that the nonlinear viscoelastic range was dominated by the elastic behavior. Adding 40 wt.% ilmenite enhanced the elasticity of the drilling fluid by increasing the storage modulus; thus, more stable gel structure would result [47] . The increase in the yield point, gel strength, and the storage modulus values is because of the slight increase in the fluid density, from 14.5 to 14.8 ppg, resulted from adding ilmenite to the drilling fluid because as the density increases, the fluid resistance for initial flow increases [20] . Drilling fluid rheology was measured at 350 °F to evaluate the effect of ilmenite concentration on the drilling fluid rheology at such elevated temperature. Figure 8 compares the rheological properties of 40 wt.% ilmenite fluid sample with the base fluid sample. Adding 40 wt.% ilmenite increased the yield point from 15 to 26 lb/100 ft 2 whereas, the plastic viscosity did not increase significantly, from 15 to 16 cP. Consequently, the yield point to plastic viscosity ratio (YP/PV) increased from 1.2 to 1.6, which indicates an enhancement in the drilling fluid stability and suspension capability of solid particles. The higher the YP/PV ratio, the more stable the drilling fluid [45] . In addition to barite sag, YP/PV ratio affects many drilling fluid parameters such as equivalent circulating density, hole cleaning, and surge and swap pressure [46] . Moreover, adding 40 wt.% ilmenite with barite improved the gel strength of the drilling fluid, and validated the results of the sag test. Figure 9 compares the viscoelastic properties of 40 wt.% ilmenite fluid sample with the base drilling fluid sample within the nonlinear viscoelastic range. From G"/G' ratios, the loss modulus G" is lower than the storage modulus G' for both fluid samples, which indicates that the nonlinear viscoelastic range was dominated by the elastic behavior. Adding 40 wt.% ilmenite enhanced the elasticity of the drilling fluid by increasing the storage modulus; thus, more stable gel structure would result [47] . The increase in the yield point, gel strength, and the storage modulus values is because of the slight increase in the fluid density, from 14.5 to 14.8 ppg, resulted from adding ilmenite to the drilling fluid because as the density increases, the fluid resistance for initial flow increases [20] . performance. The total fluid filtrate was reduced from 5.6 cm 3 to 4.5 cm 3 , and the thickness of the filter cake was reduced from 2.92 mm to 1.93 mm. This improvement in the filtration performance is because of the particle size distribution of the solid particles in the mud as it plays a vital role in the filtration performance and the sealing properties of the filter cake and this finding is supported by the previous studies [7, [48] [49] [50] [51] . The filtration test results are summarized in Table 4 . Despite the improvement in the filtration performance of the drilling fluid resulted from adding ilmenite to the drilling fluid, another challenge will be encountered when using this solution which is the removal of the formed filter cake after drilling operations because the filter cake adds a skin damage that reduces oil and gas production and affects the results of pressure transient tests [52, 53] . It was addressed in some previous studies that the weighting material forms 70-90% of the filter cake mineralogy [13] , so in this case, the formed filter cake consists mainly of barite and ilmenite. Consequently, the process of removing the composite filter cake will be more challenging as it requires a special fluid formulation that can efficiently dissolve both barite and ilmenite. filtration performance. The total fluid filtrate was reduced from 5.6 cm 3 to 4.5 cm 3 , and the thickness of the filter cake was reduced from 2.92 mm to 1.93 mm. This improvement in the filtration performance is because of the particle size distribution of the solid particles in the mud as it plays a vital role in the filtration performance and the sealing properties of the filter cake and this finding is supported by the previous studies [7, [48] [49] [50] [51] . The filtration test results are summarized in Table 4 . Despite the improvement in the filtration performance of the drilling fluid resulted from adding ilmenite to the drilling fluid, another challenge will be encountered when using this solution which is the removal of the formed filter cake after drilling operations because the filter cake adds a skin damage that reduces oil and gas production and affects the results of pressure transient tests [52, 53] . It was addressed in some previous studies that the weighting material forms 70-90% of the filter cake mineralogy [13] , so in this case, the formed filter cake consists mainly of barite and ilmenite. Consequently, the process of removing the composite filter cake will be more challenging as it requires a special fluid formulation that can efficiently dissolve both barite and ilmenite. 
Summary and Conclusions
Experimental work was carried out to evaluate the mixture of barite and ilmenite as a solution to solids sag phenomenon while drilling high-pressure high-temperature wells with oil-based drilling fluids. Based on the findings of this study, the following conclusions can be drawn: 1. This study introduces a practical solution to barite sag issue in oil-based muds using a combined weighting material that comprises barite and ilmenite powders. 2. Adding ilmenite to barite-weighted oil-based mud slightly increased the drilling fluid density because ilmenite has a higher density than barite, whereas ilmenite reduced the electrical stability of the invert emulsion. However, it was within the acceptable value (above 500 V), and it can be maintained by optimizing drilling fluid additives. 
Experimental work was carried out to evaluate the mixture of barite and ilmenite as a solution to solids sag phenomenon while drilling high-pressure high-temperature wells with oil-based drilling fluids. Based on the findings of this study, the following conclusions can be drawn:
1.
This study introduces a practical solution to barite sag issue in oil-based muds using a combined weighting material that comprises barite and ilmenite powders.
2.
Adding ilmenite to barite-weighted oil-based mud slightly increased the drilling fluid density because ilmenite has a higher density than barite, whereas ilmenite reduced the electrical stability of the invert emulsion. However, it was within the acceptable value (above 500 V), and it can be maintained by optimizing drilling fluid additives.
3.
Ilmenite significantly reduced the sag factor under both static and dynamic conditions. Sag factor decreases as the concentration of ilmenite increases, and 40 wt.% ilmenite was adequate to eliminate barite sag in both conditions. Sag factor was reduced to 0.51 in static conditions, while VSST decreased from 1.5 to 0.5 at dynamic conditions. 4.
Adding ilmenite enhanced the rheological and viscoelastic properties of the drilling fluid, which confirms sag test results.
5.
A slight improvement in the filtration performance and the filter cake properties was observed with combined weighting material. Less fluid filtrate and filter cake thickness resulted. However, more research work is required to develop a fluid formulation that can effectively remove the composite filter cake. 6.
The findings of this study confirmed that the proposed drilling fluid formulation could be used to drill HPHT wells efficiently without solids settlement. With this solution, different formulations of the drilling fluid with different properties and performance can be prepared depending on the purpose and well conditions. Additionally, mixing ilmenite with barite reduces the high cost of ilmenite-weighted fluids as only 40 wt.% ilmenite was found to be enough for sag prevention. 
